Successful wildlife management must take into account suitable habitat areas. Information on the correlation between distribution ranges and environmental conditions would, therefore, improve the efficacy of in-situ conservation of wildlife. In this contribution, correlations between environmental factors and the distribution of 51 amphibians in southern and central China were investigated. Ecological niche factor analysis (ENFA) at a spatial resolution of 1° latitude×1° longitude identified a mixture of climatic and habitat factors as important predictors of the occurrence of individual species. The aims of the present work were (i) to evaluate potential distributions of amphibians based on the suitability of areas; (ii) to identify the major environmental descriptors upon which they depend; and (iii) to identify areas of potential high richness that have been overlooked in available inventories. Most of the predicted species ranges of species covered the majority of southern and central China. Six richness hotspots were predicted, of which four have been described previously, but two overlooked (SE Fujian and SE Qinghai). The prediction model was considered to be relatively accurate and it is recommended that these two new potential hotspots should be subjected to further evaluation and sampling efforts. Amphibians have high ecological preference for high humidity and precipitation, and low annual frost days. ENFA is a useful tool in wildlife conservation assessment because it is able to identify potential hotspots where studies on the correlations between environmental descriptors and the occurrence of particular species could be focused. ecological niche factor analysis, habitat suitability modeling, amphibians, China, distributional areas
Conserving biological diversity [1] is one main objective and benefit of sustainable development of humans in relation to the environment. Wildlife management cannot be fully achieved without considering the suitability of geographic home ranges and habitats for the maintenance of animal populations. Predicting suitable ranges has become an effective means of assisting wildlife conservation, as exhibited in many previous studies [2 -4] .
The term 'hotspot' [1] is widely used in conservation biology to refer to areas with high species richness and it is employed in this way hereafter. Hotspots may occur from local to intercontinental scales [1, [5] [6] [7] .
Amphibians are considered to be indicators that can orient the direction of environmental management and protection [8, 9] . There is increasing evidence that the extinction rate of amphibians around the world has accelerated in recent years as a result of global climate change and human disturbance [8] [9] [10] [11] [12] . Studies of the habitats and distributions of amphibians to enlighten the conservation of this wildlife group are urgently required [5, 6, 11] .
For conservation purposes, the study of the distribution patterns of species richness in various habitats or regions, and their ecological determinants, are vital steps for understanding the processes that affect the spatial distribution of biological diversity. The underlying widely accepted assumption that environmental heterogeneity and the occurrence of species are interconnected within a geographic range has allowed environmental variation to be used to predict suitable ranges for species [13] . Recent advances in techniques that combined advanced mathematical procedures with geographical information systems have improved the validity of species-distribution modeling [14] [15] [16] [17] .
Geographical information systems and ecological niche modeling techniques are increasingly being used to model potential distributions of species and to identify suitable habitats with the aim of improving decision-making in wildlife management [4] . The majority of these methods are based on presence and/or absence data sets for species, and they make the intuitive assumption that the presence of a species is an indicator of suitable habitat and that its absence indicates an unsuitable habitat [7, 18] . In this study, reliable absence data were not available for most species. Therefore selecting a relevant alternative tool for the modeling procedure was paramount.
Ecological Niche-Factor Analysis (ENFA), a tailored modeling technique that employs only presence data [19, 20] , could eliminate the problems caused by the influence of trivial absence data. The approach could be used to identify the correlations between eco-geographical variables (EGVs) and amphibian richness and to model the suitability of habitat areas [7] . Using this approach, this paper aims (i) to model the potential distribution of individual amphibian species; (ii) to evaluate the effects of environmental variables on the distribution of amphibian richness in southern and central China, an area highly suitable for this kind of study because of its extremely high species diversity; and (iii) to reveal some potential hotspots that may have been overlooked previously.
Materials and methods

Data collection
Amphibian distributional information was collected from a range of literature [5] and online resources (CSIS: China Species Information System, http://www.baohu.org/). A potential problem with these sources is that the historical distribution records might not reflect the current distribution of amphibians in some areas and, indeed, some species might have become locally extinct, since the last time they were recorded. However, in the present study, we assumed that such local extinctions did not significantly affect estimations of the contemporary distributional status of amphibians. All retrieved distributional records were used in subsequent analyses. The names of these 51 amphibians are presented in Table 1 .
The original geographic locations of 51 amphibians (Figure 1 ; more detailed distributional records for each species are provided in Table S1 ) were then entered into a georeferenced database, using 1° latitude×1° longitude squares as a reference grid. A total of 147 squares were studied. The criterion for the selection of the 51 species of amphibians was that they should occur in most of the southern and central regions of China and are generally absent from (or marginally distributed in) northern, northeastern and western areas. The selected amphibians have relatively diversified habitats, including rivers, forests, and marshes. Southern and central China is characterized by mountainous landscapes which exhibit most of these habitat features, with ample rainfall and mild temperatures [21, 22] . Most of species are endemic to China. A few of the species occur in other Southeast Asian countries but their major ranges are in southern and central China. For example, the margins of the distributional range of Bufo andrewsi extend into the northern part of Myanmar and Vietnam. Data on 11 EGVs describing each grid cell of the study were gathered for the analysis. These were aspect, elevation, surface water flow, annual frost days, slope, precipitation, annual minimal temperature, annual average temperature, annual maximal temperature, evaporation, and humidity. These environmental variables were downloaded from the website (http://scilla.man.poznan.pl/euforia/grid_test/Kepler-1.0.0-install/lib/testdata/garp/NA_ASC/). The rationale of choosing these variables was primarily that they have been widely introduced to predict species distributions [5, 23, 24] . Furthermore, these variables reflect different aspects of the ecological conditions of amphibian habitats, including physical (e.g., elevation) and climatic (e.g., annual average temperature) features.
Ecological niche factor analysis
The principle of ENFA is to compare the distributions of the EGVs associated with the presence data set with the EGVs in the whole area under study. Outputs of ENFA contain multiple parameters, two of which are 'factor scores' and eigenvalues.
The 'marginality factor' is defined as the standardized difference between the species mean and the global mean of all descriptors, i.e., it describes the direction in which the species niche differs most from the available conditions in the study area [16] . The coefficients of the scores matrix related to the marginality factor indicate the correlation between each EGV and the factor. Marginality coefficients range from 1.0 to +1.0; positive values indicate that the species prefers high values of this EGV, while negative values indicate it prefers low values [7, 16] .
Other factors are 'specialization factors', which demonstrate how specialized the species is with respect to each EGV. Higher coefficients are associated with a more restricted value of each EGV [3, 16] .
'Global marginality' and 'global tolerance' values sum- Table S1 .
marize the relationship between the species and its environment. Global marginality is a measure of the distance between species niche and the mean environmental conditions in the studied area. Global tolerance is a measure of the capacity of a species to tolerate environmental variations in the study area. A high marginality value indicates that the ecological requirements of the species differ considerably from the average habitat conditions. A low tolerance value in the range from 0-1 indicates a high degree of specialization (specialist species), and high tolerance value indicates a generalist species [3, 7, 16] . ENFA was implemented using the software Biomapper 3.0 [19] , following the procedures outlined by Hirzel et al. [16] . EGVs were tested to exclude colinearity using Pearson's correlation coefficient with Statistica v6.0 (Statsoft; http://www.statsoft.com/).
Predicted species richness
Habitat suitability maps for each species were derived using ENFA with the distance geometric mean algorithm [7, 25] . The habitat suitability maps were presented in the form of a grid in which each square has a value ranging from 0 to 100, corresponding to no suitability and high habitat suitability, respectively. If a species was predicted to occur in an area with a probability more than 50%, it was regarded empirically to be present in the area (assigned the value '1'); otherwise it was deemed to be absent from the area (assigned the value '0') [7] . By combining the predicted presence/absence information for all species in the overall areas studied, a final predicted richness map was produced.
To assess the validity of predicted range relative to the observed range, the area under the curve (AUC) of the receiver operating characteristic (ROC) was calculated. High values of AUC indicate that the prediction is reliable. When AUC>0.7, we concluded the prediction was statistically reliable. A current richness map was also generated and compared with the predicted richness map. In addition, the current amphibian richness mapping observed by Chen and Bi [5] based on all amphibian species in China was used to examine the relative robustness of the richness prediction model in this study. To delimit the approximate boundaries of hotspots, the origin of each hotspot was determined (grid cells with maximum richness). This origin, plus the nearest 24 adjacent grid cells, was identified as the approximate boundary of each hotspot. If more than five grid cells of the boundaries of two hotspots were overlapped, they were merged as a single hotspot.
To reveal the discrepancy between predicted richness and observed richness, a cross-tabulation analysis was performed with a confusion matrix [7] . Each column of the matrix represented the predicted species richness and each row represented the observed species richness. The number of squares within each class of observed species was compared against the number of squares of each class of predicted species richness. In this study, five classes of predicted and observed species richness were assigned.
Results
Environmental correlates
According to the values of the first marginality factor, we identified that factors precipitation (frequency of selection as an important factor: 82.4%) and humidity (68.2%) were consistently positively correlated with species occurrence, whereas annual frost days (66.7%) was negatively related (Table 2) . Some variables were only occasionally identified as diagnostic factors for particular species, for example, surface water flow.
Global marginality and tolerance indices (Table 2) showed that the 51 studied amphibians tended to inhabit general habitats. No preferences for specific or extreme habitats were observed among the different species.
Current richness
The current observed species richness map based on the distribution of 51 species (Figures 1 and 2 ) indicated that SW China was the principal hotspot for amphibians, while other areas such as NW China and NE China were generally deficient in amphibian species. Two large hotspots identified were the areas extending from the Yunnan-Guizhou Plateau to Sichuan Basin and from the range of N Guangxi to S Hunan.
Predicted richness
Except for Ingerana xizangensis and Polypedates hungfuensis, which had AUCs less than 0.7, all species were well predicted (AUCs>0.7). After discarding the two inaccurately predicted maps, the other predicted maps were merged to generate a final predicted richness map.
The distribution map of predicted species richness (Figure 2 ) identified six hotspots: E Xizang; SE Qinghai; the area from Yunnan-Guizhou Plateau to Sichuan Basin; the area from N Guangxi to S Hunan; the transition zone adjacent to Jiangxi, Anhui and Zhejiang; and SE Fujian. The area from Yunnan-Guizhou Plateau to Sichuan Basin has the highest richness (the top grid cell had 21 species). Two of these predicted hotspots corresponded to the observed hotspots (Figure 3) . Four of them were described (or partially) by Chen and Bi [5] , i.e., the area from Guangxi to S Hunan; the transition zone adjacent to Jiangxi, Anhui and Zhejiang; East Xizang; and the area from Yunnan-Guizhou Plateau to Sichuan Basin. This implied that the richness prediction model was valid. Moreover, ENFA suggested two more potential hotspots (SE Qinghai and SE Fujian), which had not observed in fieldwork but were predicted to have high species richness.
Cross-tabulation of predicted against observed species richness for each grid cell showed 33.1% with the same classification, indicating a relatively low consistency between observed and predicted richness of the squares. As such, the observed species richness was thought to be largely underestimated.
Discussion
Ecological niche factor analysis: environmental correlates
The advantage of ENFA is that it provides correlated environmental information for individual species (Table 2) . For this reason it was selected for the distribution modeling of multiple species in this study. In addition, this approach provides parameters related to the habitat characteristics of Figure 2 Current richness map of 51 amphibians in southern and central parts of China (grey shading from light to heavy represents species richness from low to high). The dotted ellipses denote the approximate boundaries of two hotspots, referred to as: 1, Sichuan Basin; 2, the area extending from N Guangxi to S Hunan.
Figure 3
Predicted richness map of 51 amphibians in southern and central parts of China (grey shading from light to heavy represents species richness from low to high). The dotted ellipses denote the approximate boundaries of six hotspots, referred to as: 1, E Xizang; 2, SE Qinghai; 3, the area extending from Yunnan-Guizhou Plateau to Sichuan Basin; 4, the area from N Guangxi to S Hunan; 5, SE Fujian; 6, the transition zone adjacent to Anhui, Zhejiang and Jiangxi.
species, e.g., tolerance, and marginality, which are not available in other modeling techniques, such as BioClim [26] , GARP [27] , and Maxent [28] .
The present study showed that combinations of environmental factors are the best predictors of amphibian species occurrence at a regional scale. These factors generally are water-associated climatic variables and have been wellestablished previously. They include precipitation, humidity and annual frost days [7, 29] . Humidity was a principal factor affecting the spatial distribution of amphibians. Among the species examined, 82% showed a preference for high humidity, and for 29 species, it was the most important facgtor (e.g., species Batrachuperus pinchonii, Polypedates hungfuensis and Bufo andrewsi). Such an observation is intuitively reasonable because amphibians are a waterdependent taxonomic group. Other environmental factors related to water were of course also strongly correlated with amphibian richness, including their preference for high precipitation and low numbers of annual frost days.
Interestingly, other factors were poorly correlated with amphibian richness. For example, the topographical variables-altitude and slope appeared to be peripheral factors, as indicated by the percentage of species that select them as important (Table 2 ). This result is inconsistent with some earlier studies that have argued that topographical variables are important [7] . A possible explanation is that extreme topographical conditions are located in mountainous and rugged areas where no amphibians occur. It is well known that, amphibians are sensitive to circumambient environmental situations. Most species preferentially inhabit more average topographical ranges in which the heterogeneity of these factors is low, causing them to be unimportant. Temperature also seems not to be an important factor influencing amphibian richness in China, possibly for analogous reasons.
Although there were some discrepancies in the identification of important environmental variables compared with previous studies, all identified that variables related to water availability to be of great importance in interpreting amphibian richness, irrespective of the spatial scales of the geographic areas studied [5, 7, 29] . This observation helps to clarify the relative importance of water (i.e., precipitation and humidity) and energy (i.e., temperature) in the physiological requirements for amphibian richness. Our comparative data suggested that Water plays a more influential role than energy.
With respect to prediction modeling of individual species, all of those studied are specialist species requiring idiosyncratic ecological conditions. For example, Kaloula verrucosa, the global marginality was 1.429 and the global tolerance was 0.109; for Amolops mantzorum, the global marginality was 1.112 and the tolerance was 0.196. It is not surprising to obtain so many specialists at the 1°×1° spatial resolution employed here, because marginality and specialization increase with spatial scale [18] . Variables that are complex at a fine resolution tend to be simplified at a coarser spatial scale.
Ecological niche factor analysis in conservation planning
As demonstrated in this and other studies [7] , ENFA could be used to identify potentially important areas in relation to conservation strategies that have not yet been exhaustively surveyed. These areas would be identified as having high richness in prediction model but have shown relatively low species richness in currently available cumulative inventories.
The SE Fujian hotspot is such an area that has been overlooked in previous studies and currently is not reported to have high species richness [5] . As predicted, this area involves diversified ecological niches for the survival requirements of around 19 species, comprising 37% of total species studied. SE Qinghai is another example. In the observed data, there were around nine species inhabiting this area. However, it was predicted with high probability that 24 species would occur in this area.
Another hotspot, in which the observed species number was relatively lower than that identified through ENFA, was the area extending from N Guangxi to S Hunan. Here, the richest grid cell contained 16 species in current observations but prediction modeling suggested it would probably have more species (18 species) . This implies that the diversity patterns of some poorly sampled areas are still largely unknown, even for some recognized hotspots. Further fieldwork is required to build a comprehensive picture of the diversity status of these areas.
Although diversity estimators are widely applied to predict richness [30, 31] , an advantage of ENFA is its integration of the environmental envelop and the generation of predicted richness on a more 'biological' basis than solely statistical estimations. Environmental attributes and species richness are closely linked.
The issue of transferability of species distribution modeling has been well recognized [32, 33] . As indicated in our study, four of the six predicted hotspots had been revealed in previous empirical surveys [5] . Therefore predicted richness mapping supports current richness mapping and is remarkably reliable. Because of the limited sampling effort, current richness mapping does not fully reflect the true biodiversity status of studied areas. Nevertheless, predicted richness mapping might provide an alternative and easier pathway to monitor biodiversity. Although prediction modeling is simply a consequence of mathematical fitness, it could provide an effective guideline to further surveying efforts. For example, SE Fujian and SE Qinghai might be hotspots and that are not yet documented in current inventories because they have been poorly surveyed. Further sampling efforts or conservation planning should pay particular attention to these areas.
The purpose of selecting the nearest 24 adjacent grid cells as the boundaries of the hotspots was to reduce the number of the hotspots and for the convenience of subsequent analysis. By selecting fewer adjacent grid cells as boundaries, more hotspots would be identified. However, boundary delimitation criteria of the hotspots do not greatly influence the comparative results or their interpretation. For example, the area from Yunnan-Guizhou Plateau to Sichuan Basin is a large hotspot; if it is divided into smaller hotspots, all of these smaller hotspots still correspond to those in the current richness map [5] and would not provide additional insights.
Limitations of the present study and implications for further studies
ENFA was employed to assist the management of wildlife distribution. We have gained some insights into the environmental requirements of amphibian richness in East Asia and have revealed some hotspots suitable for conservation. Some technical aspects of the present study should be mentioned. Firstly, a crucial issue is to select appropriate prediction techniques. If the modeling techniques are not robust, the results will be unreliable. The merits of ENFA have been demonstrated in many studies [2] [3] [4] 7, 13, 34] . Secondly, the environmental factors should be updated. If more variables were included, more environmental information would be generated for the studied species. However, because some variables in the environmental envelope are rather colinear, care should be taken to avoid redundant variables. Also, it should be noted is that our prediction models were developed using 1°×1° grid cells. As a consequence, the prediction maps are only an approximation of the accurate distribution. However, a large spatial resolution reduces the complexity and uncertainty associated with environmental variability.
There were other limitations in the present study. For example, the species distribution records were collected from a number of different sources, sampling biases could not be avoided, e.g., associated with the expertise of different recorders, sampling location selection [35] , the seasonality of amphibian migration [36, 37] , and local extinction of some species in previously recorded field sites. Moreover, the limited prediction power of ENFA method might lead to misleading identification of hotspot regions. For example, there were discrepancies between the hotspots identified in the present study and those identified by a previous study [5] . All of these factors could shed doubt on the robustness of richness mapping using ENFA. Therefore, it is important to carry out further extensive field-work to survey the same amphibians across the hotspot regions to evaluate the validity and reliability of the present ENFA models.
Current knowledge of the ecology and distribution of amphibian species in China, especially of endemic and rare species, is still limited by sampling intensity. The work presented herein is one of the first contributions to be based around an ecological perspective [5, 29] . To improve amphibian conservation and management, further work is needed on their basic ecological attributes such as population dynamic and diet [3] .
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